Drug-resistant, multifocal, non-resectable epilepsies are among the most difficult epileptic disorders to manage. An approach to control previously uncontrollable seizures in epilepsy patients would consist of identifying seizure precursors in critical brain areas combined with delivering a counteracting influence to prevent seizure generation. Predictability of seizures with acceptable levels of sensitivity and specificity, even in an ambulatory setting, has been repeatedly shown, however, in patients with a single seizure focus only. We did a study to assess feasibility of state-of-the-art, electroencephalogrambased seizure-prediction techniques in patients with uncontrollable multifocal seizures. We obtained significant predictive information about upcoming seizures in more than two thirds of patients. Unexpectedly, the emergence of seizure precursors was confined to non-affected brain areas. Our findings clearly indicate that epileptic networks, spanning lobes and hemispheres, underlie generation of seizures. Our proof-of-concept study is an important milestone towards new therapeutic strategies based on seizure-prediction techniques for clinical practice.
precursors in continuous, multi-contact, multi-day, intracranial electroencephalographic (iEEG) recordings capturing more than 200 seizures from two patient groups (see Methods and Materials). Group 1 comprised patients for which multiple, non-resectable seizure onset zones (SOZs) had been identified using established presurgical evaluation techniques 18 . Patients from group 2 achieved complete seizure control after resection of a single SOZ, and these patients were included for the purpose of comparison. We employed a widely used seizure-prediction technique, for which a prediction performance clearly exceeding the chance level (as evidenced by robust statistical validation) has repeatedly been shown [19] [20] [21] [22] [23] [24] . In addition, we made use of several sophisticated statistical techniques that helped us to avoid drawing incorrect conclusions about seizure precursors and about critical brain areas, which may arise due to various influencing factors and due to issues of multiple comparisons. Our analysis strategy is summarized in Figs 1-3 .
First, we assessed-in a frequency-adaptive and time-resolved manner-the level of synchrony R 25 between each pair of sampled brain areas from their iEEG data (see section Methods and Materials and Fig. 1A-C) . Next we used a commonly employed statistical approach 12 to compare the distributions of R values from the inter-ictal with those from an assumed pre-ictal period 19, 20, 22 . Given that seizure generation is likely to take place over minutes to hours [25] [26] [27] [28] , with multiple mechanisms occurring over different stages in ictogenesis, and in accordance with typical prediction times for synchrony-based measures described in the literature 19, 22, 25, [29] [30] [31] , we assumed the pre-ictal period to last for T pre = 4 h. In order to not bias our analyses with effects from the seizure and particularly from the post-ictal period 32, 33 , we discarded data from the 30 min interval after the onset of a seizure (in cases where the time between two successive seizures was less than T pre − 30 min, the maximum amount of data of the level of synchrony for inter-ictal (black, solid line) and pre-ictal data (yellow, dashed line). Separability of inter-ictal and pre-ictal distributions is indicated by the maximum distance between cumulative distribution functions and is used for an automated pre-selection of pairs of brain areas.
Scientific RepoRts | 6:24584 | DOI: 10.1038/srep24584 available, i.e., from seizure onset back to the end of the post-ictal phase of the preceding seizure, was used instead, see Tables 1 and 2) .
We then identified critical brain areas that are likely associated with the emergence of seizure precursors, by singling out pairs of electrode contacts whose time-dependent changes in synchrony may carry potential information about pre-seizure states. To do so, we performed the following steps of analysis: , number of critical electrode pairs in critical module combinations).
1. We collected all pairs of electrode contacts that had a significant ability to separate inter-ictal from pre-ictal epochs (i.e., their prediction performances; see Fig. 1D ; Kolmogorov-Smirnov test; p < 0.05 after Bonferroni correction); 2. We tested whether the prediction performance of a given pair is better than random by testing it against the null hypothesis of the non-existence of a pre-seizure state: For this purpose, we employed the concept of seizure time surrogates (see Fig. 2 ) that also allowed us to account for possible confounding influences such as seizure clustering, daily rhythms, and changes in anticonvulsive medication. We denote pairs with a prediction performance better than random (p < 0.05) as critical electrode pairs (N e crit ( ) in Tables 1 and 2 ); 3. We registered to which combination of functional modules-focal (f), neighborhood (n), and other (o)-critical electrode pairs belong to (i.
Modules are described in detail in Methods and Materials. We then checked for each patient, whether some module combination preferentially contained critical electrode pairs, given the varying number of electrode contacts within each module (hypergeometric test; p < 0.05). We denote these as critical module combinations.
This entire procedure, exemplarily illustrated in Fig. 3 , allowed us to reduce the initial number of pairs of sampled brain areas (on average, 2714 in group 1 and 1243 in group 2) to a smaller number of critical electrode pairs in critical module combinations (N m crit ( ) in Tables 1 and 2 ; on average, 118 in group 1 and 63 in group 2) that represent critical areas of the brain carrying potential information about transitional pre-seizure states. Figure 4 summarizes our main findings for each patient. Among the sixteen patients with chronic intractable epilepsy (group 1), we observed ten patients with predictive indications from interactions between brain regions not related to initial ictal discharges (o-o interactions). Four patients presented with predictive f-o and one patient with predictive n-o interaction (note that a patient may contribute to more than one critical module combination). Among the twenty patients in the control group (group 2), we observed six patients each with predictive indications from interactions within the SOZ (f-f interactions) as well as from interactions between the SOZ and remote brain regions (f-o interactions). Four patients presented with predictive o-o interactions, three with predictive n-o and two with predictive f-n interactions.
We checked whether the aforementioned module combinations were preferentially critical across a patient group. For the critical module combinations in group 1, we found that only the number of patients with interactions between brain regions not related to initial ictal discharges (o-o interactions) exceeded what was expected by chance (hypergeometric test; p < 0.05). In these non-affected brain regions, a loss of synchrony (− 6.6% on average) can be regarded as a potential seizure precursor (see Fig. 5 ). For the critical module combinations in the control group (group 2), the number of patients with alterations in synchrony of within-module interactions of the SOZ (f-f) and of remote brain areas (o-o) as well as their between-module interactions (f-o) exceeded what was expected by chance (hypergeometric test; p < 0.05). Potential seizure precursor were characterized by a slightly decreased pre-ictal synchrony (− 6.2% on average) within the SOZ but also by a slightly increased pre-ictal synchrony between SOZ and other brain regions (+ 2.2% on average) and a more pronounced increase of synchrony (+ 10.7% on average) between remote brain regions (see Fig. 5 ).
In both patient groups, the interaction dynamics of brain areas clearly beyond the seizure onset zone turned out to carry predictive information about upcoming seizures. Interestingly, these interactions covered virtually all spatial scales, ranging from short-range (neighboring electrode contacts) via medium-range (within lobes) to long-range interactions (across lobes and even hemispheres). Potential seizure precursors could, however, be observed much more often for medium-range and long-range interactions (data not shown). , and hence the minimum error probability which prevents correcting for multiple testing at this stage of analysis.
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Discussion
Our retrospective study is the first to demonstrate feasibility of seizure prediction in patients with multifocal epilepsies. These are among the most difficult epileptic disorders to manage since they are often refractory to medical therapy and not treatable by resective epilepsy surgery. Our findings demonstrate brain areas clearly beyond the seizure onset zone(s) to carry predictive information about upcoming seizures. This is in line with many previous reports on the high relevance of brain outside of the seizure onset zone in focal epilepsies 29, [34] [35] [36] [37] [38] , although their relevance may be debated due to limitations arising from applying various ad hoc preselection criteria or from statistical issues 22 . Our findings are nonetheless unexpected, since they point to different seizure-generating mechanisms underlying focal and multifocal seizures. Not only are the brain regions involved different (focal seizures: onset zone and remote, non-affected brain regions; multifocal seizures: remote, non-affected regions only), but also the nature of changes in pre-ictal changes in synchrony appears to be different (focal seizures: pre-ictal increase and decrease, depending on involved brain regions; multifocal seizures: pre-ictal decrease only). Our findings thus challenge the traditional view of autonomous brain regions underlying ictogenesis in multifocal epilepsies and call for follow-up studies to further our understanding of seizure generation in these epilepsies. Our findings strongly emphasize large-scale epileptic networks-spanning affected and non-affected lobes and hemispheres-to underlie ictogenesis, thus providing novel insights into pathways regulating seizure generation and that may be dysfunctional in these disorders. Knowledge about these network constituents may be refined with methods from network theory 39 and may elucidate targets for systemic approaches that strive for individualized therapeutic interventions [40] [41] [42] aiming at preventing seizure generation in multifocal epilepsies. Our study had some limitations. It was based on data recorded during the presurgical evaluation, and a number of variables (such as transient effects of surgery, medication tapering, sleep deprivation, etc.) could confound the identification of a transitional pre-seizure state. We therefore chose to not report on characteristics of prediction performance (such as sensitivity, specificity, prediction times, or the portion of time under false warning 12 ). Future prospective studies based on electroencephalographic monitoring (or of other suitable modalities) in ambulatory patients together with specifically designed estimators for predictive performance 12 will elucidate the clinical usefulness of the method.
With our study design, we obtained significant predictive information about upcoming seizures in about two thirds of patients with multifocal epilepsies. A similar ratio has been reported on earlier for EEG-based prediction studies in focal epilepsies 43 as well as for surveys on epileptic prodromes (or premonitory symptoms) 44 . Notwithstanding limitations of prediction algorithms as well as conceptual and statistical issues related to surveys, this ratio might imply that seizure prediction may not be possible in every patient. Future studies might help Table 1 ); (B) control group (group 2; patient-codes as in Table 2 ).
answering the question whether patients with specific type of epilepsy but predictable seizures represent another phenotype than patients with non-predictable seizures.
Our feasibility study shows that pre-seizure states can be identified in patients with multifocal epilepsies. This could lead to new therapeutic strategies to efficiently control generation of previously uncontrollable seizures, e.g. via closed-loop, on-demand electrophysiological and/or behavioral brain stimulation. This approach could even be translated to neurological diseases not considered for such interventions so far.
Methods
Study Design and Participants. We did a retrospective feasibility study to provide proof-of-concept data for seizure predictability in patients with uncontrollable multifocal epilepsy. Between 2002 and 2012, 380 patients with drug-resistant epilepsy underwent presurgical evaluation with intracranial electroencephalographic recordings. From this sample, we identified 16 patients for which multiple, non-resectable seizure onset zones (SOZs) had been identified and for which at least 24 hours of recording were available that captured at least one seizure. We assigned these patients (10 women, mean age: 32 years, range 15-62 years; mean age at onset of epilepsy: 13 years, range 0-35 years; mean duration of epilepsy: 19 years, range 4-49 years, see Table 1 ) to group 1. From the same sample, we randomly selected 20 patients for which complete post-operative seizure control could be achieved after resection of a single SOZ and for which at least 24 hours of recording were available that captured at least one seizure. We assigned these patients (8 women, mean age: 34 years, range 15-64 years; mean age at onset of epilepsy: 13 years, range 0-35 years; mean duration of epilepsy: 22 years, range 2-53 years, see Table 2 ) to group 2. All patients had signed informed consent that their clinical data might be used and published for research purposes. The study protocol had previously been approved by the ethics committee of the University of Bonn, and methods were carried out in accordance with the approved guidelines.
Patients received different antiepileptic drugs (AEDs) with different mechanisms of action, and the majority of patients were under combination therapy with two or more AEDs. During presurgical evaluation AEDs were reduced in a patient-specific manner, and many patients did not have discontinuation of all AEDs.
Intracranial EEG recordings.
We recorded intracranial electroencephalograms (iEEG) from chronically implanted intrahippocampal depth electrodes and subdural grid-and/or strip-electrodes (cf. Fig. 1A ). Depth electrodes were equipped with 10 cylindrical contacts of length 2.5 mm and an intercontact distance of 4 mm. Strip electrodes consisted of 4 or 8 contacts with an intercontact distance of 10 mm. Grid electrodes had 8 × 4 or 8 × 8 contacts with an intercontact distance of 10 mm. Decisions regarding placement of electrodes were purely clinically driven and were made independently of this study. Data were band-pass-filtered between 1-45 Hz, sampled at 200 Hz (sampling interval 5 ms) using a 16 bit analog-to-digital converter, and referenced against the average of two electrode contacts outside the presumed focal region. Reference contacts were chosen individually for each patient. For the patients in group 1, the recording with, on average, 66 contacts lasted 77 days during which 100 clinical seizures (6 seizures/patient, range 1-25, see Table 1 ) occurred. For the patients in group 2, the recording with, on average, 45 contacts lasted 98 days during which 108 clinical seizures (5 seizures/patient, range 1-24, see Table 2 ) occurred. The time of seizure onset was visually identified on the iEEG as the time of earliest clear change from the patient's baseline or normal background iEEG that eventually led to an electrographic seizure. Subclinical seizures were neglected in our analyses. Functional modules. Since number and anatomical locations of intracranial electrodes were adapted to the patients' needs and were thus highly non-uniform, we assigned electrode contacts to functional modules in order to facilitate within-and between-group comparisons:
• Module f (focal): contacts where first ictal discharges were recorded 18 (on average 38.5% (range 3.4-90.0%) of contacts in group 1 and 15.2% (range 1.9-27.8%) of contacts in group 2), • Module n (neighborhood): contacts not more than two contacts distant to those from f (on average 1.6% (range 0.0-7.5%) of contacts in group 1 and 9.2% (range 0.0-22.2%) of contacts in group 2), • Module o (other): all remaining contacts (on average 59.9% (range 10.0-94.3%) of contacts in group 1 and 75.6% (range 50.0-91.0%) of contacts in group 2).
Measuring the level of synchrony between brain areas. We calculated in a time-resolved manner (non-overlapping windows of 20.48 s duration; 4096 data points) the mean phase coherence R 25 between phase time series that we derived by Hilbert-transforming iEEG recordings. R takes on values between 0 and 1, indicating either complete asynchrony or complete synchrony. Analyses were performed for every possible combination of pairs of electrode contacts (see Fig. 1A-C) .
Statistical analysis. We used the (two-sample) Kolmogorov-Smirnov statistic 45 to quantify the distance between the cumulative distribution functions of inter-ictal and pre-ictal levels of synchrony (derived from the pooling of all pre-ictal and inter-ictal R values). For downstream statistical analyses, we only considered distance estimates for which we attained a significance level of p < 0.05 after Bonferroni correction.
We performed hypergeometric tests to check whether our approach preferentially assigned critical electrode pairs to module combinations due the strongly varying number of electrode contacts N c within each functional module. If the hypergeometric p-value (calculated as the probability of randomly drawing a given number k or more critical pairs of brain areas from the population in N c total draws) was less than 0.05, we considered this number significant.
We also performed hypergeometric tests to check whether a given module combination was preferentially critical across a patient group. If the hypergeometric p-value (calculated as the probability of randomly drawing a given number k or more patients for which a given module combination was critical, given the total number of critical module combinations) was less than 0.05, we considered the respective number of patients significant.
